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TolueneTwo samples of heterogeneous catalysts were prepared by impregnating a raw-clay, a montmorillonite-rich
material, with iron oxides, in order to be used in oxidative reactions of toluene. The starting clay-sample was
collected from a pedon in the region of San Juan, Argentina. All catalysts were characterized with X-ray powder
diffraction (XRD), infrared spectroscopy, temperature programmed reduction (TPR), scanning electron
microscopy with energy dispersive X-ray analysis (SEM/EDS), and speciﬁc surface area measurements. After
impregnating the rawclaymaterialwith ironoxides, therewasa collapseof basal plane spacing and an increase in
surface area, from 17 to 62 m2 g−1 of montmorillonite. The TPR, EDS, and XRD results evidenced that the
dispersion of iron-containing species depended on how the impregnation was made. The catalyst with higher
exposure to iron oxides on sample preparation presented a higher catalytic activity on toluene oxidation.: +55 353829 1271.
vier OA license.© 2010 Elsevier B.V. .Open access under the Elsevier OA license.1. Introduction
The chemical catalytic activity of modiﬁed clays has been receiving
increasing interest inmore recent years. Among thedifferentmodiﬁcation
routes, pillaring is a preparation process that has been more extensively
studied (Letaief et al., 2003; Nogueira et al., 2009; Ramirez et al., 2007;
Sum et al., 2004). Clay pillaring consists essentially in intercalating large
stable cations in the interlayer space of the 2:1 clay structure. This usually
results in an enlargement of the basal spacing. The pillared framework
doesnot tend to collapseuponheatingundermoderate temperatures, due
to the thermal stabilizing effect of pillars (Luna and Schuchardt, 1999).
Different poly-oxohydroxy metal cations can be used as pillaring agents,
among themthose of aluminum, chromium, titaniumand iron (Park et al.,
2009; Tomul and Balci, 2009). Such oxohydroxymetal cations have some
intrinsic properties, inter alia thermal and hydrothermal stabilities, that
allow them to effectively act as active sites in heterogeneous catalytic
processes (Bodoardo et al., 1994; Olaya et al., 2009). Regarding the iron
hydroxyl cations, their introduction into the crystallographic clay
framework, as pillar or other structural arrangement, enhances the
catalytic activity of the material, in redox systems (Sapag et al., 2001).
Besides chemical changes, some textural features may also result from
pillaring or from simply impregnating the clays with a metal cation
solution. Bothmodiﬁcations tend to impart very important enhancement
to action of clays on chemical catalyst processes (Oliveira et al., 2008a,b).Some interesting and important chemical performance of clays as
catalysts in chemical reactions to degrade chemical substrates, such as
aromatic volatile organic compounds (VOC), which are chemical
principles of common pollutants has been recently reported (Oliveira
et al., 2008a,b; Pergher et al., 2005). Many VOCs, particularly aromatic
hydrocarbons, which are widely used in the chemical industry as
organic solvent, in dry cleaning and degreasing processes, very often
represent serious environmental hazards (Yim et al., 2000). The current
way to destroy industrial chlorinated hydrocarbons is the complete
oxidation by direct incineration. Several studies have investigated the
catalytic oxidation as an alternative to the incineration process to
destroy VOCs. Is the catalytic oxidation potentially efﬁcient on the
complete oxidation of VOCs, preventing the formation of harmful
byproducts? To address an experimental design aiming to answer this
question, this work was devoted to prepare and characterize two
samples prepared by impregnating a montmorillonite-rich clay with
ironoxides, in anattempt toobtain catalysts through twomainways: (i)
precipitation of iron hydroxidewith Na2CO3 on the clay particle surface
(sample labeled “Fe-ppt”) and (ii) a direct impregnation of iron oxide so
to form only a covering layer on the clay grain surface (“Fe-imp”). Both
materials were used in reaction to oxidize toluene as a VOC model
substrate.
2. Experimental
2.1. Preparation of the materials
The raw clay material was collected from the San Juan deposit, in
Argentina. The Fe-pptwaspreparedbyprecipitation of iron oxideon the
Fig. 1. Adsorption/desorption of nitrogen at 77 K of montmorillonite, Fe-ppt and Fe-imp
(a) and infrared spectra of montmorillonite, Fe-ppt and Fe-imp (b).
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iron nitrate (50 mmol; 20 g de Fe(NO3)3.9H2O in 100 mL of water) to a
suspension of the claymaterial (7.0 g of clay in 100 mL of water) under
constant stirring for 7 h at 60 °C. The resulting suspension was kept
under stirring at room temperature for 12 h. The solid was then
separated by centrifugation andwashed several times. Thematerialwas
heated up to 500 °C at a heating rate of 10 °C min−1. The system was
maintained at this ﬁnal temperature of 500 °C for 3 h.
In the case of Fe-imp preparation, the method utilized was the
incipient wetness impregnation in order to obtain the same amount of
ironoxide on the clay surface. The sameheating treatmentwas used as for
the Fe-ppt preparation.
2.2. Characterizations
The three samples (raw clay material, Fe-ppt and Fe-imp) were
characterizedwith (i) powder X-ray diffractometry (XRD),with a Rigaku
Geigerﬂex diffractometer and CuKα radiation (λ=0.154056 nm),
operating at 40 kV and 35 mA from 2° to 60° 2θ, (ii) infrared
spectroscopy, with a Digilab Excalibur FTS 3000 spectrometer, using
the KBr pellet technique (1 mg of sample per 100 mg of KBr), (iii)
programmed temperature reduction (TPR), using a Quantachrome
model Chembet 3000 under a ﬂux of 40 mL min−1 5%H2/N2, (iv) speciﬁc
surface area via adsorption/desorption of nitrogen at 77 K (Micro-
metrics), using the BET method and pore size distribution and total
volume, as given by the DFT equation, and (v) scanning electron
microscopy (SEM)using a JEOL analyzer coupled to anOxford (EDS/INCA
350) dispersive X-ray analyzer (energy dispersive spectroscopy, EDS).
2.3. Oxidation of toluene
Toluene was used as model molecule for the programmed
temperature oxidation reaction. 30 to 50 mg of each catalyst (the raw
and the twoprepared claymaterials)wasplaced in a quartz tube into an
oven (BLUEM Lindberg). The toluene ﬂux in the ovenwas produced by
propelling synthetic air at a rate of 30 mL min−1, at 273 K. The heating
ratewas 5 °C min−1 until 600 °C. After the reaction, the gasmixturewas
directed to an auto sampler with a timer in order to inject this mixture
every 3 min in a gas chromatograph with a FID detector (Shimadzu
GC17A) under the following conditions: injector temperature, 150 °C;
column (Carbowax) temperature, 60 °C; detector temperature; 200 °C
and split mode injection at a rate of 1:30. All results were expressed
relative to the toluene peak area before heating.
3. Results and discussion
3.1. Characterization of the clays
Speciﬁc surface area measurements indicated an increasing of the
surface area from17m2 g−1 (raw clay) to 62 m2 g−1 (sample Fe-ppt). For
sample Fe-imp, the surface areawas found to be 22 m2 g−1, suggesting an
impregnationmechanism different from that obtained for sample Fe-ppt.
All of the isotherms present a low adsorption at all relative pressures,
characteristic of nonporous materials, where the adsorption branch
resembles that of a type II isotherm (Fig. 1a) in the International Union of
Pure and Applied Chemistry (IUPAC) classiﬁcation (Guimaraes et al.,
2008; Letaief et al., 2003).
Infrared spectroscopic analyses (Fig. 1b) indicated the presence of
hydroxyls due to superﬁcially adsorbed and interlayer water (bands at
3433 and 1639 cm−1). The band centered at 1047 cm−1 may be typically
assigned to the Si–O stretching.Montmorillonite presented bands at 3433
and 1643 cm−1 due to OH stretching of interlayer water; an OH bending
band at 1639 cm−1 conﬁrms the presence of hydration water. Typical
bands of the silicate framework contributions were conﬁrmed: at
1047 cm−1 due to in-plane band stretching of Si–O bonds; at 513 and
468 cm−1, corresponding to Si–O–Si and Al–O–Si vibrations, respectively(Madejova et al., 2002). Spectra for the two modiﬁed clays evidenced a
decrease of all OH contributions due to hydration water, after being
calcinated.
The montmorillonite-rich clay particles of the raw sample presented
ﬂat surfaces and a more uniform particle size distribution (Fig. 2a). After
themodiﬁcationwith ironoxide (Fig. 2b and c), the typicalmorphologyof
the raw sample changed completely and a broad diversity of particle sizes
was observed more clearly for sample Fe-ppt; for Fe-imp sample the
particle size distribution was found to be evenmore uniform than for the
raw clay. Elemental analysis by EDS (Fig. 2d, e and f) showed different
signal intensities related to Fe for both impregnated samples, suggesting a
higher iron oxide content in Fe-ppt compared with the Fe-imp sample.
Temperature programmed reduction proﬁles (TPR) of the clays were
performed and compared with a pure hematite (Fig. 3) in an attempt to
get information about the nature of iron oxides and its interaction on the
clay structure. Pure hematite presented three hydrogen consumption
peaks at 430, 640 and 800 °C typical for this iron phase. Such signals could
be attributed to the following transformations (Park et al., 2009).
3Fe2O3 + H2→2Fe3O4 + H2O ð1Þ
Fe3O4 + H2→3FeO + H2O ð2Þ
FeO + H2→Fe
0 + H2O ð3Þ
The reduction proﬁle of Fe-imp presented peaks at 500 and 730 °C
whereas Fe-ppt montmorillonite presented reduction peaks at 510
Fig. 2. SEM-EDS micrographs of montmorillonite (a) and (d), Fe-ppt (b) and (e), and Fe-imp (c) and (f).
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displacement in the reduction temperatures of the iron phase in the
montmorillonite. Such displacement can be correlated to the
interaction between the iron oxide and the support. The ﬁrst
reduction signal at 496 °C for Fe-ppt and 528 °C for Fe-imp can be
related to iron oxide impregnated in the material surfaces. These
results are interesting because they corroborate the idea that the iron
oxide in the Fe-ppt sample is more dispersed on the surface as shown
by N2-adsorption/desorption. The second peak has different behavior.
For Fe-imp, the second signal is very close to that found in the purehematite (see Eq. (2)). On the other hand, for Fe-ppt, the same peak
was found at higher temperatures suggesting that the incorporation
process by precipitation generated greater iron oxide crystals as
indicated by XRD analyses, with more thermal stability. Moreover,
some part of the iron oxide can be located intomontmorillonite layers.
The XRD patterns of montmorillonite show a typical basal spacing
of 1.24 nm (2θ=7,1°) characteristic of smectite groups. Moreover,
the incorporation of iron oxide caused different displacements in the
basal spacing from the different types of impregnation (Fig. 4a). The
iron oxide phases observed are related to phase α-Fe2O3 with
Fig. 3. TPR proﬁles of standard hematite (a), Fe-ppt (b) and Fe-imp (c).
Fig. 4. XRD for themontmorillonite, Fe-imp and Fe-ppt (a). Preparation scheme of iron oxide
on montmorillonite (b). M=montmorillonite; Hm=Hematite.
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2009). It is interesting to observe that there are iron phases with high
crystallinity in the Fe-ppt compared with the Fe-imp, indicating a
higher exposure of iron oxide as observed by TPR and EDS analyses.
Fig. 4b presents an illustration of the modiﬁcation of the natural clay
and also the different dispersions of the iron oxides on the clay.
3.2. Oxidation of toluene
The catalytic oxidation studies were carried out using toluene as a
probe molecule (Fig. 5). The raw clay without impregnation with iron
oxide did not present any catalytic activity for the oxidation of toluene
up to 600 °C. The Fe impregnation on the montmorillonite generated
materials, i.e. Fe-ppt and Fe-imp with good catalytic activity.
The catalysts reach total toluene conversion above 450 °C.
However, the materials with Fe species more exposed (Fe-ppt)
reach total conversion at lower temperatures, at approximately
350 °C (Fig. 5a). This difference highlights the role of the iron species
dispersion in increasing the activity of the catalyst. Based on GC
analyses of the reaction products, organic by-products were not
observed for either of the catalysts, suggesting a complete oxidation to
CO2 and H2O. Studies of toluene oxidation made by Li et al. (2004)
and Yu et al. (2010) presented a total conversion at 350 °C showing
the good catalytic potential of the sample in the present work. Fig. 5b
shows the catalytic activities on the Fe-ppt catalyst versus time onFig. 5. Decomposition of toluene in the presence of modiﬁed montmorillonite (Fe-imp and
Fe-ppt).
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around 100% within 30 h using the Fe-ppt catalyst prepared by the
precipitation method. For the iron oxide in the absence of the support
we observed that the decomposition of toluene presents a maximum
of 50% (Fig. 5a). These data show that the catalytic activity is
signiﬁcantly enhanced when the iron oxide is supported on the
montmorillonite possibly by the formation of small particle size
dispersed on the surface.
4. Conclusions
In this work, montmorillonite underwent two types of impregna-
tion with iron oxides. In both cases, all treatments produce catalysts
effective in the oxidation of toluene. The activation temperature for
toluene oxidation (450 °C–500 °C) can be explained by the activation
of the iron sites introduced in both catalysts. The technical
characterizations showed that hematite was the iron oxide phase
formed and also the oxide occupied different sites on the clay surface
causing different catalytic activity for the oxidation of the organic
compound. Moreover, the best catalyst (Fe-ppt) presented a high
thermal stability remaining active for at least 30 h.
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